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A B S T R A C T
In this paper, 2D CFD models have been developed for a prototype refrigerated open type multi-deck display cabinet with
and without integrated phase change material (PCM). The models can predict the effect of adding a PCM container on
cabinet efficiencies, air temperature distributions, product temperatures and air flow patterns inside the cabinet at a range
of operating conditions including space air temperatures and evaporator air velocities. To validate the cabinet models,
the prototype cabinet was mounted in an air conditioned chamber and extensive experiments were conducted at constant
space air temperature and relative humidity. The cabinet models have therefore been validated through comparison with
experiment results for air temperatures at different locations of the airflow path and of food products. Simulation results
show that significant energy can be saved through the installation of a PCM container. Further benefits include greater
stabilization of product temperatures during defrost periods for the modified display cabinet. Consequently, the validated
models can be used to explore and analyse the cabinet performance and control strategies at various operating and design
conditions.
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Nomenclature
Cp, c specific heat capacity (J/(kg K)
H, h enthalpy (J/kg)
k turbulent kinetic energy (m2/s2)
K thermal conductivity (w/m k)
L latent heat (J/kg)
mass flow rate (kg/s)
P pressure (Pa)
Q capacity (W)
q specific heat source (W/m3)
Qsource heat source (W/m
3)
Sk source term of k (kg/m s
3)
Sɛ source term of ε (kg/m s
4)
S source term (W/m3)
T temperature (K)
t time (s)
U, u momentary velocity in x direction (m/s)
V, v momentary velocity in y direction (m/s)
V volume (m3)
x coordinate in x direction (m)
y coordinate in y direction (m)
Greek symbols
μ viscosity (Pa s)
α thermal diffusivity (m2/s)
Γ diffusion coefficient
⁎ Corresponding author.
Email address: Yunting.Ge@brunel.ac.uk (Y.T. Ge)








W, w with PCM
Wo, wo without PCM
a air
airon evaporator air on
airoff evaporator air off
k turbulent kinetic energy (m2/s2)
1. Introduction
Open multideck refrigerated display cabinets (MDC) are exten-
sively used in retail stores in the United Kingdom and around the
world to store and display dairy and chilled food products within
permitable temperatures. Such cabinets are common and preferable
in terms of saving floor space whilst simultaneously maintaining a
sizeable retailing surface. The total length of these display cabinets
can reach up to 100 m in a typical superstore, altogether contribut-
ing considerably to its overall energy consumption. In the UK, around
35–45% of the total energy consumption of a typical supermarket is
used for refrigeration purposes, and around 70% of this refrigeration
energy is required for MDCs [1]. Correspondingly, such consump-
tion can indirectly contribute towards a vast amount of CO2 emissions.
http://dx.doi.org/10.1016/j.apenergy.2016.07.088
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Meanwhile, if supermarket refrigeration systems were charged with
HFC refrigerants such as R404A, a significant amount of CO2 will
be directly produced due to unavoidable refrigerant leakage. All these
concerns are driving the demand for the development of sustainable
refrigeration technologies, with particular focus on the MDCs in su-
permarkets.
Conventionally, there are a number of technology options to re-
duce the MDC cooling load and thus improve unit performance. These
include the optimal air curtain designs, better air flow distributions in-
side the cabinet, appropriate refrigerant selections and high efficient
cabinet evaporators etc. [2–4]. It is known that of the total cooling load
in an MDC, over 70% is produced by infiltration from the external
space to the cabinet inside through the air curtain. One way to reduce
the infiltration load is to modify the air flow rate from the air curtain
jet. Based on a validated 3D CFD model of an MDC, it was found
that the optimum mass flow rate of the air curtain should account for
about one third of the total air mass flow rate from the cabinet evap-
orator outlet [5]. In such circumstances, the rest of the air flow would
penetrate from the back flow channel into the cabinet through a per-
forated back panel. The interaction between air flows surrounding the
cabinet will significantly affect cabinet performance and food storage;
however, this could be evaluated by using validated CFD modelling
technology and thus optimising the designs [6,7]. A validated cabinet
model could be an efficient tool to examine cabinet performance, con-
duct optimal designs and most importantly, imitate actual cabinet op-
eration. Accordingly, a compete cabinet model was developed by in-
tegrating two parts of cabinet sub-models in which a CFD model was
utilised to predict the air flow dynamics surrounding the cabinet from
the evaporator outlet to the inlet while a detailed model was developed
for the evaporator [8]. Such a complete model is believed more practi-
cal since unnecessary assumptions of boundary conditions at the evap-
orator inlet and outlet were disregarded.
On the other hand, the integrations of PCMs into refrigeration
systems, and particularly refrigerated display cabinets, have attracted
greater interest recently considering its potential energy savings and
temperature uniformity control of food production storage [9,10]. A
recent experimental investigation on an MDC with and without PCM
integration revealed some benefits for the unit with PCM, including
uniformity of food product temperatures, less compressor on/off fre-
quencies and reduced power consumption [11]. The technology with
PCM integration could be further improved by selecting and produc-
ing more appropriate PCMs in different refrigerated cabinets [12]. The
applied PCMs were originally paraffin and water but when an ad-
ditional agent (AgI) was added and mixed, the cabinet performance
could be further improved in term of energy savings. In addition, fur-
ther benefits were found experimentally when heat pipe technology
was combined with PCM utilization in the cabinet [13], these being
moderate food product temperature rises during the defrost period.
Although energy storage with PCMs can play an important role
in the performance of refrigerated cabinets, much of the previous re-
search in this area dealt with experiments with limited test conditions.
To facilitate the application of PCMs in MDCs, detailed theoretical
or modelling analyses need to be conducted so as to predict and eval-
uate the performance of cabinets with PCMs at larger-scale operat-
ing conditions. This will lead to optimal selections of PCMs, PCM
heat exchangers and their installation. It is therefore the purpose of
this paper to develop a detailed CFD model for the MDC with PCMs
and validate the model with corresponding test results. The validated
model then compares the performance with the same cabinet but with-
out PCMs in terms of energy saving and food product temperature
variations etc. Further development in this area will also be recom-
mended. Regarding to the novelty of this paper, so far, to the au
thors’ understanding there is not a validated simulation study on the
integration of PCM with the refrigerated open-type display cabinets.
In addition, this paper has firstly developed a complete dynamic CFD
model for an open-type display cabinet with the integrations of PCM
heat exchanger, thermostat control, defrost and cabinet evaporator and
compressor. This dynamic model can therefore simulate and under-
stand completely and accurately the actual cabinet operation and be
used as an efficient tool to optimise the cabinet performance and PCM
integration.
2. Experimental setup
An integral low-fronted multi-deck open display case was selected
as an experimental prototype in this study (Fig. 1). The cabinet di-
mensions included 1.25 m × 0.85 m × 1.98 m (W × D × H), 3.15 m2
refrigerated area and 1.5 m display opening height and was equipped
with single air curtain situated from the top (base + 5shelves). The
cabinet was loaded according to British standard (BS EN ISO,
23953-2: 2005) with test products used to simulate the thermal mass
of food under real conditions. Those products were cooled by the low
temperature air flow from the cabinet evaporator outlet which passed
vertically in the back flow channel of the cabinet before reaching to
the air curtain. Part of the air flow in the back channel emitted horizon-
tally into the case inside through the perforated back panel and mixed
into the air curtain and hence returned back to the evaporator inlet to
be cooled again. The cabinet utilised off-cycle for defrost and required
product temperature variation from 0 °C to +4 °C
The experiment design and setup had also been built according to
the rules specified in BS EN ISO 23953-2: 2005 standard to mea-
sure air temperature and velocity and product temperature variation
through the display cabinet. A series of preliminary experiments were
prepared and carried out in order to find out the optimum operat-
ing setting and desirable air-off temperatures for the cabinet. Conse-
quently, as indicated in Fig. 2, a temperature sensor located between
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Fig. 2. Left side view of the cabinet with products.
the 1st and 2nd shelves was applied to monitor and control the cabinet
temperature through the refrigeration system on/off.
The optimum settings for that monitoring point were obtained:
• Temperature setting point = −0.7 °C.
• Dead band = 1.1 K, the compressor stopped upon reaching the
lower band and restarted at the temperature value above the upper
band.
• Intervals between defrost = 4 h
• Defrost stop temperature = 11 °C.
All these experiments have been performed under climate class 3
and at stable conditions where the chamber was controlled at a con-
stant dry-bulb temperature (25 °C), a constant relative humidity (60%)
and air cross flow velocity at 0.1–0.2 m/s over the experiment period
of 24 h.
During experiment periods, several important parameters were
measured and recorded including: cabinet power consumption, tem-
peratures of products, air curtain, cabinet inside air and evaporator air
on and off. The products were loaded upon the shelves at the top, mid-
dle and bottom levels, as numbered and shown in Fig. 2, based on the
standard of BS EN ISO 23953-2: 2005. There were twelve product
simulators positioned on the left and right at both front and rear ends
on each shelf. A calibrated thermocouple (type T) was inserted into
each product simulator (M-pack) to measure the average temperature
which was sampled every 10 s by a data acquisition system, and saved
onto a data file every 60 s to be processed shortly afterwards.
All the sensors in the system were calibrated before the experi-
ments to ensure acceptable accuracy with temperature uncertainty less
than ±0.5 K, humidity ±3.0% and air velocity ±0.015 m/s and power
meter ±0.05% [11].
2.1. PCMs and integration
Water gel based PCM with a nucleate agent was proposed in this
work. Water gel PCM was composed of deionised water, silver io-
dide (AgI) to reduce the water sub-cooling, guar and sodium tetra bo-
rate [12]. Since freezing onset of the PCM depends on the location
installed inside the cabinet, in this work, the PCM heat exchanger
was applied and installed at just after evaporator coils. Therefore,
based on the air-off temperature range, the PCM freeze onset was
around −2.0 °C. As illustrated in Fig. 2, a PCM container was used in
this experiment separately. During the defrost period when the com-
pressor is switched off, the PCM container will function as an ‘auxil-
iary evaporator’ to maintain cabinet temperatures within an acceptable
range. Accordingly, the PCM charge should be enough to take that
role and be determined from experiment measurements. More detailed
explanation can be found from our previous paper [11].
3. Model description
The 2D model has been developed by employing a finite volume
method and CFD software ANSYS Fluent 14 in order to simulate the
circulated air flow through the cabinet in terms of temperature and ve-
locity.
3.1. Mesh
As depicted in Fig. 3, triangle structured mesh is employed to
define the geometry of the calculation domain, exempting products
which are assigned as squares elements. Grid independence analy-
sis has been considered and the number of grid points is progres-
sively increased from one simulation to another. The refinement is
stopped when the total node numbers and elements reached 67,426
and 121,367 respectively. The grid numbers for the places near prod-
ucts, cabinet walls and shelves, where the air flow is important, are
purposely increased with specific mesh structures.
3.2. Assumptions and boundary conditions
The solver properties used in this model are pressure based type,
absolute velocity formulation and planar 2D space. The following
conservation equations are applied in the 2D CFD model.
Pressure-based assumes the fluid is incompressible,
, independent of space and time, so that . The continuity
equation will be:
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Momentum equations:
Energy equation:
The cross section of the entire air conditional chamber (test cham-
ber) including the cabinet is considered as a computational domain in
which the right (facing the opening of the cabinet) and left (facing the
back side of the cabinet) sides of the chamber are defined as pressure
outlet and inlet respectively. In addition, the boundary temperature is
used to identify internal emissivity and the external black body tem-
perature is assumed to be constant. As listed in Tables 1 and 2, various
thermal parameters such as the cabinet fan pressure jump are obtained
from the experimental measurements and the turbulence data from as-
sumptions. The floor and ceiling of the test chamber, and the external
cabinet walls are defined as adiabatic walls. Furthermore, evaporator
fan, the small holes of the perforated back panel and air curtain grill
are all treated similar to the real case in the CFD model without any
approximation, whereas the rest of internal edges are all categorized
as walls with coupled thermal conditions.
In addition, turbulent flow assumption is made for the flow regime
and the standard k–ɛ two-equation model was applied [14] as listed
in Eqs. (5) and (6). The discrete ordinates method (DO) is used to
simulate the coupling of radiation and convection heat transfers [15].
The effect of moisture in the air content of the test chamber is not
considered, as it is thought insignificant to the simulation of the air
temperature pattern [16], and the air humidity would be a common




Fan pressure jump (Pa) 25
Ambient temperature (K) 298.15





Time step (s) 10





Reference frame Relative to cell zone
Time step size (s) 0.25
Number of time steps 2880
Time stepping method Fixed
Maximum iteration/time step 20
the weight loss of the product is not considered as the load is only
packaged as chilled products. The temperature and velocity contours
are assumed as uniform with reasonable approximation because of the
effect of the honeycomb curtain.
3.3. User defined function codes
The user defined functions (UDFs) are necessarily included in the
CFD model considering the transient operation of cabinet. The point
where the cabinet controller thermostat sensor was installed during the
test is monitored and computed so as to control the compressor on or
off and defrost termination time. In addition, the cabinet evaporator is
assumed as a constant heat sink when the compressor is on. These lead
to the definitions of three types of predefined DEFINE macros.
The first one is named DEFINE_SOURCE macro to specify a heat
source/sink in the evaporator region to act as the evaporator role inside
the cabinet by removing the heat from the circulated air. The value of
this source is assumed constant when the compressor is on and can
be calculated according to the sensible capacity of the cabinet evap-
orator as listed in Eq. (7). The second type is EXECUTE_AT_END
macro which will check the cabinet temperature at the thermostat sen-
sor point at the end of each time step and work as a thermostatic con-
troller. The last macro is DEFINE_INIT that is used to set initial val-
ues of flow quantities.
According to the Eq. (8) the amount of the heat source is about
−20,000 W/m3. The inlet is a fan with constant pressure jump profile.
3.4. Steady and transient state simulation
The first stage of the simulation has been implemented in the
steady state condition, which is important to gain primary validation
with the experimental results and also to use it as initial conditions for
the transit simulation later on. In this stage, of those three UDFs only
the DEFINE_SOURCE macro is needed.
After reaching the steady state result, a time dependent model is
initialised to study the trend of cabinet temperature and energy con-
sumption with time [17], taking also into account the defrost effect
[18]. At this stage, the model starts from integrating all UDF codes to
the main boundary conditions. All other boundaries are still the same.
The calculations will continue for three days to give enough time for
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tain velocity and temperatures of products, air curtain, and return grill
and evaporator air on are monitored and recorded to separate files for
data analysis later on.
3.5. PCM model
It is important to select the optimal PCM in any particular thermal
application to fulfil terms of operation and cost. PCM based water is
one of the most comprehensively studied PCMs in low temperature
applications considering its availability, stability and superb thermal
properties [19]. Long term performance and stable thermal character-
istics of PCMs are the prerequisite for longer equipment life. In addi-
tion, the latent heat should be as high as possible to decrease the size
of the PCM container.
In this model, water is used as a PCM and the heat transfer to and
from the PCM involves convective mode. The PCM storage is mod-
elled as a rectangle container unit on the back panel flow duct after
the evaporator and indirect contact with the circulating air through
the cabinet. The phase transition temperature is constant (0 °C) and
matches to the air cabinet temperature. The energy will then be re-
leased from or stored in the PCM during solidification and melting
processes depending on the temperature.
The method used for modelling the solidification/melting process
in ANSYS Fluent is the enthalpy-porosity technique [20,21]. In this
approach, a quantity called the liquid fraction, which represents the
fraction of the cell volume that is in liquid form, is associated with
each cell in the domain. The liquid fraction is computed at each iter-
ation, based on an enthalpy balance. The enthalpy of the material is
computed as the sum of its sensible enthalpy, h, and latent heat, ΔH:
where
The liquid fraction, β, is defined as
The latent heat content can now be written in term of the latent heat
of the material, L:
The latent heat content can vary between zero (for a solid) and L
(for a liquid).
For solidification/melting problems, the energy equation is written
as:
The solution for temperature is essentially iterated between Eqs.
(11) and (13).
3.6. Mesh adaption
ANSYS Fluent has the solution-adaptive mesh refinement feature
which allows us to refine and/or coarsen the mesh based on geometric
and numerical solution data. By using this feature properly, extra cells
can be added where necessary, thus enabling the features of the flow
field to be better resolved. In the meantime, computational resources
are not wasted by the inclusion of necessary cells, as occurred in the
grid independence approach. For this purpose, three different grids
number were studied by using increasingly fine grids till the maxi-
mum product temperature difference is about 0.3 °C. The grid num-
bers are selected as 117,143, 119,811 and 121,367 and correspond-
ingly the product temperatures of those grid number sets are depicted
in Fig. 4. Finally, the third grid system 121,367 is used for further
computation.
4. Model validation
Designed test conditions were implemented for experimentations,
of which chamber space temperature and air relative humidity were
controlled to be 25 °C and 60% respectively. The simulation process
is divided into two parts; the first one is steady state analysis to pre-
pare appropriate initial conditions for the second part which is tran-
sient analysis. Of course, this stage of simulation is for the cabinet
without PCM since there is no point to add it to the steady calculation.
The contours of air and product temperatures and air velocity at steady
state are depicted in Fig. 5. It can clearly identify the heat exchange
around the air curtain, where the air curtain efficiently stands as an ob-
vious heat transfer barrier between the internal display cabinet space
and the indoor space air. It can also be observed from Fig. 5 that an
air curtain is formed between discharge air grille and return air grille.
The product temperatures are affected by both the cold air flow pene-
trating from the cabinet back panel and the warm surrounding ambient
air temperature through the air curtain. Therefore, the food packages
in vicinity close to the air curtain have relatively higher temperatures
than those nearer to the perforated back panel such as product numbers
1–4 because of the interaction between the cold back panel flow and
the air curtain. In addition, since more cold air flows from the back
panel join and pass through the products of 9 and 10 before entering
the return grill, the product temperatures of numbers 9 and 10 are rel-
atively lower than those of product numbers 11 and 12.
Similarly, the graph in Fig. 6 shows the steady state simulation
and experiment results without PCM for temperatures of products
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Fig. 5. (a) Air and product temperature contours and (b) air velocity contours for steady model.
Fig. 6. Validation of products temperature for Steady mode without PCM.
numbered in Fig. 2. It should be noted that the simulation temperatures
of those numbers of 1–4 products are maintained at around 274.5 K,
which are quite close to the experimental results. For the rest of prod-
ucts, the numerical results are slightly higher than those of the ex-
perimental measurements. However, the numerical results show good
agreement with the experiments, indicating that the present computa-
tional method can efficiently simulate the heat transfer performance of
the display cabinet.
As the temperature difference of every two close mounted prod-
ucts is quiet small, they are thus integrated into six instead of twelve
product temperatures in Fig. 7 by taking the average temperature of
those two close products. As shown in this Figure for the variations
of six product temperatures without PCM for stable measurement
and calculation, we can see the validation of our transient simulation
by comparing experimental product temperatures with simulation re-
sults. By matching the colours, we can see good agreement between
Fig. 7. Validation of products temperature for transient model without PCM.
both data in which the maximum temperature difference between the
simulation and experiment results is about 0.8 °C. Also, it is noticed
that the temperatures of product numbers 1–4 are much lower than
others since they are closer to the highest flow rate of cold air coming
through the back panel holes.
The installation of PCM would affect the air flow distribution in-
side the cabinet which could be predicted by the CFD models for the
cabinets with and without PCM. However, the effect of PCM instal-
lation on the air flow distribution was minimised by selecting opti-
mally the size and installation position of the PCM heat exchanger in
the cabinet. Other simulation results for the cabinet with PCM includ-
ing cabinet air velocity (Fig. 8), air-off temperature (Fig. 9) is also in
good agreement with the measurement results. However, some incon-
sistencies are observed between simulation and measurements results
particularly for the cabinet air-off temperature. This could be argued
that not all PCM was effective during the experiment such that the
Fig. 8. Validation of air velocity for Steady model with PCM.
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defrost period for the test was shorter than that of simulation. On the
other hand, the air velocity is an important factor for this study due to
its impact of convection heat transfer on charging and discharging of
PCM.
Liquid fraction contours for the melting process of big (defrost)
cycle for the PCM are demonstrated in Fig. 10, in which the average
liquid fraction contours are taken at 0%, 25%, 50%, 75% and 100%
and the discharge and charge processes take place every big and short
cycle. Although not all PCM is transformed into liquid in small cy-
cles, we could still notice some good effects of the PCM integration on
the cabinet air temperatures as depicted in the results. In addition, it is
clearly found that liquid fraction ratio is higher at the PCM container
or cabinet top due to higher air temperature. It can be readily acknowl-
edged that the simulation and experiment results of the cabinets with
and without PCM match fairly well.
5. Result and discussion
Due to the complexity of the developed CFD model, it would take
a few days for the simulation to approach stabilization and until then
the simulation results could be collected. The simulation results in-
clude mostly the performance comparisons for the cabinet with and
without PCM integration.
Fig. 10. Liquid fraction contours for PCM container.
5.1. Cabinet air temperatures
Fig. 11 distinctly shows the influence of PCM on the cabinet air
temperatures at evaporator air-off, curtain outlet and air-grille. It can
be observed from this figure that the maximum temperatures of cab-
inet air in the original cabinet are higher than those with PCM setup
because the PCM absorbs some heat from the circulated air during the
system off periods. Also, the minimum temperatures of original cab-
inet are lower than those corresponding ones with PCM due to the
PCM is considered as an extra load in the on periods while the cooling
capacity maintains constant. Another PCM effect demonstrates that
the number of small on/off cycles decreases considerably from 11 to
8 due to the duration increase of each cycle. In addition, the defrost
time period also shows increase for the modified cabinet with PCM.
All these positive effects of the improved cabinet will contribute the
reduction of cabinet power consumption as described below.
5.2. Defrost and normal operation cycles
There are two operational cycles for the cabinet compressor on and
off, defrost (big) and normal (small). Every four hours, the unit is
switched off for defrost until the monitored (thermostat) temperature
is higher than the limitation or the defrost period is complete. Apart
from the defrost period, the unit compressor enters into the normal
(small) cycles and is controlled on and off based on the thermostat
temperature prediction and settings. The temperature variations at the
thermostat point for the cabinet with and without PCM in the period
of defrost and normal are predicted and shown in Fig. 12. It is noted
that the temperature variation is more restrained for the cabinet with
PCM which will be helpful for the temperature uniformity of food
products stored. In addition, the addition of PCM has a significant
Fig. 11. Variations of cabinet air temperatures with time during period of 8 h with and
without PCM.
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impact on the total working time of the cabinet compressor in which
the big and small cycle durations for the cabinet with PCM increase
about 55% and 26% respectively. These are the reasons of the contin-
uous heat transfer processes between the cabinet air flow and the inte-
grated PCM. For any defrost or normal cycle, both on and off periods
are increased for the modified cabinet. However, the increase rate for
off period is more significant than that of on period due to the heat
sink and source roles of PCM in these periods respectively. This leads
to longer off period for the unit compressor and thus saving energy.
The energy extracted from the PCM provides the cooling needed
when the compressor was stopped, which, with optimization, may
achieve more energy reduction than the basic cabinet without PCM
(see Table 3).
5.3. Product temperatures
The food product temperatures for the cabinet without and with
PCM storage container were recorded during 8 h of stable calcula-
tion period as shown in Fig. 13a and b respectively. In each figure,
there are 12 predicted product temperatures represented under differ-
ent product numbers (see Fig. 2). Generally, it can be noticed from
these figures, for both circumstances, the range of each product tem-
perature remains stable with very slight variation in response to the
compressor on, off and defrost. For the modified cabinet, the whole
variation range of product temperatures is more moderate than that
without PCM signifying more uniformity in product temperatures.
However, as predicted, the outcome of adding PCM shows an increase
in the whole average of product temperatures but still within standard
limitation. These simulation results of product temperatures corre
Table 3
Thermal properties of the PCM based water.
Characteristics Value
Density (kg/m3) 998.2
Thermal conductivity (W/m k) 0.6
Specific heat (kJ/(kg K) 4.182
Melting and freezing temperature (K) 273.15
Heat of fusion (kJ/kg) 334
spond to the predicted air temperatures shown in Fig. 11 since the air
flows are in immediate contact with the products.
5.4. Compressor working time
Starting from defrost, the compressor on (1) and off (0) states for
the cabinet with and without PCM are predicted and shown in Fig.
14. When the PCM is integrated, the cabinet has fewer frequencies for
both on and off states but has longer total off period. This is because
that when the compressor is off, the PCM acts as an air cooler by car-
rying on absorb the heat from the air flow and consequently postpones
the increase speed of cabinet air temperatures until the PCM is mostly
melted. When the compressor is on, the PCM starts to solidify pro-
gressively and acts as an additional load such that the on period of
each cycle for the cabinet with PCM is also longer. Nevertheless, the
total on period is still less for the cabinet with PCM considering of
its fewer on states. The reduced on times for the compressor can also
lead to longer compressor operation life. It can also bring further en-
ergy savings since the compressor needs higher power at starting point
from our measurement as illustrated in Fig. 15. We can find the per-
centage of energy saving after adding the PCM container to the cabi-
net during about one day running fluent time from Table 4. It is found
about 6.4% energy saving plus the saving percentage resulted from re-
ducing the number of compressor starts.
5.5. PCM solidification rate
The variations of PCM container average temperature (transition
temperature), thermostat temperature (indicated in Fig. 2) and the
PCM average liquid fraction with time are shown in Fig. 16 for 8 h
stable calculation. For PCM to be beneficial during defrost and normal
compressor off times, the PCM temperature needs to stay close to its
transition temperature (273.15 K) for longer periods. This is achiev-
able as it lies within the cabinet air temperature range. It can be seen
that all and part of PCM latent heat are used respectively during the
defrost off and normal off time periods. It is clear that the liquid frac-
tion increases (discharging) gradually during the defrost period until
its highest value of one when the whole PCM turns to liquid. Whereas
only small part of PCM turns to liquid during a normal off period
as there is no enough time to change whole PCM phase. After the
off point, the liquid fraction starts to decrease (charging) and then
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Fig. 14. Working state variations with time for cabinet with and without PCM.
Fig. 15. Instant power consumption of experiment with time.
Table 4
Energy consumption of the cabinet in one fluent day.
Energy parameters Without PCM With PCM
Average instant power (kW) 1.6 1.6
Whole running time (h) 0.6 0.6
Total On time (h) 0.4875 0.45
Total Off time (h) 0.1125 0.15
Energy consumption (kWh) 0.78 0.72
No of compressor starts 72 54
Energy saving (%) 6.4
increase (discharging) during the on and off working cycles, respec-
tively.
5.6. Variation of ambient air temperature and air velocity
The variations of PCM liquid fraction and predicted thermostat
temperature with time at different values of evaporator fan pressure
jumps (or air flow rates) are illustrated in Fig. 17. It is obvious that at
20 Pa fan pressure jump, the PCM takes longer time to solidify after
defrost as the low air velocity will decrease the transfer rate between
the PCM and the circulated air flow compared to the effect of higher
fan pressure jump. In this case, it will take shorter time for the thermo-
stat sensor to reach its setting point and then switch off the compres-
sor and thus more small cycles appeared. While the higher air velocity
at 30 Pa pressure jump will solidify the PCM quickly such that more
cooling capacity is needed for the PCM solidification and thus leading
more time for the thermostat sensor to reach the setting point.
Fig. 18 indicates how the solidification process and thermostat
temperature are affected by indoor space air temperature. The higher
space air temperature (30 °C) means higher thermal load and that will
make the evaporator cooling capacity not sufficient for the thermostat
sensor to reach its setting point (no small cycles) and maintain product
temperature at the same time. Thus, the compressor will be switched
on all the time till next automatic defrost. Conversely, the lower space
temperature (20 °C) will decrease the cabinet cooling load and allow
the thermostat to reach the setting point easily but have reduced com-
pressor off periods and more small cycles.
6. Conclusions
The theoretical study of a multi-deck display cabinet with a PCM
heat exchanger fitted on the existing space of the main back duct
demonstrates an enhancement of thermal system performance and re-
duction in the cabinet air temperatures when the cabinet is off. Calcu-
lations are carried out for this cabinet first without PCM integration,
then with a container filled with pure water as a PCM. The simulation
results show that the response of the cabinet with PCM is positive for
energy savings, reducing cabinet air and product temperatures when
the cabinet is off and increasing defrost and off periods. It is found
that with PCM, the energy saving potential of the cabinet is signifi-
cantly improved. In addition, the defrost and compressor off intervals
are the most affected factors for the modified cabinet. They are in-
creased by approximately 98% and 50% compared to those with the
basic cabinet. Furthermore, a significant decrease (27%) in the num-
ber of starts/stops of the compressor are observed for the modified
cabinet. It is worth noting that energy savings vary with cabinet oper-
ational conditions such as indoor space air temperature and evapora
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Fig. 17. Melting/solidification and thermostat temperature at different fan pressure jumps.
Fig. 18. Melting/solidification and thermostat temperature at different indoor space air temperatures.
tor air velocity, all of which should be considered for future models.
The simulation results achieved from this work could be used to pre-
dict and optimise cabinet performance by changing various parameters
such as climate class and the type, quantity and location of the PCM
and PCM heat exchangers throughout the cabinet.
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